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SYNOPSIS 
A common problem one has to face when developing mobile manipulators is the coordination 
between the movement of one or more manipulators and the locomotion of the mobile 
platform. This paper introduces a solution using a reactive look-back style approach instead 
of the widely used more deliberative methods. Additional degrees of freedom provided e.g. by 
an upper body mounted on the platform or by legs as well as the typical nonholonomic 
characteristics are taken into consideration. Further means to tune the way the platform 
adaptation is performed to the restrictions imposed by the given task are provided. The design 
is implemented on the hybrid robot WorkPartner. It is a lightweight mobile service robot 
designed to work interactively with humans in outdoor environment. Some initial experiments 
to verify the feasibility of the architecture are presented. 
INTRODUCTION 
When having real world application in mind, a mobile robot should be equipped with some 
means to interact with the environment surrounding it. Thus many mobile platforms aiming 
towards such usage have some kind of manipulator mounted on top of them, this way offering 
the same basic functionality as humans, namely being able to move around as well as to 
manipulate objects within their increased working range. This class of machines provides the 
highest flexibility and promises to be applicable in a wide range of tasks, from simple 
grasping and transportation tasks to more sophisticated problems depending on the 
specialization of the manipulator. But to solve whatever task is given, there has to exist some 
form of control coordination between the manipulator and the locomotion platform, no matter 
what the nature of the manipulator is like or whether the mobile platform is a wheeled, legged 
or hybrid one. The test platform of this paper, the WorkPartner robot, offers many possible 
aspects to be investigated as it possesses a hybrid locomotion system, a human-like upper 
body and two manipulator arms attached to it. It should be mentioned that there are also ways 
of mobile manipulation without using a manipulator arm, as in (16).  
Figure 1: The WorkPartner Robot 
MANIPULATOR-LOCOMOTION COORDINATION 
There are generally two approaches when solving the coordination problem, either the more 
planning or deliberative one, or a more reactive way. A lot of research effort has been put in 
the first approach, with a focus on path planning for nonholonomic platforms (see (15) for 
nonholonomic systems in general). It can potentially produce the more elaborated trajectories 
for both the manipulator and the platform, but lacks a certain flexibility in increasingly 
dynamic environment. In (11) a survey on nonholonomic control problems can be found. (4) 
uses a planed path in form of elastic strips that are constantly updated to avoid collision in a 
dynamic environment. (3) presents a generalized path generation algorithm for a n-joint 
manipulator mounted on a nonholonomic mobile platform. 
The reactive approach has probably gained importance with the raising popularity of 
behavior-based robotics (see (2) for a detailed introduction to the topic). (6) uses 15 
independent behaviors in a subsumption architecture to control an arm and the platform. A 
schema-based controller allowing arm preshaping is used in (5) and is further developed in 
(13) and applied in a drum sampling task. 
This paper does not address issues like kinematic and dynamic modeling of the mobile 
manipulator unit, dynamic interaction of the manipulator and the mobile platform or force 
control while interacting with the environment, see e.g. (17) for most of these problems. 
REACTIVE COMBINED CONTROL 
The combined control for a manipulator and a mobile platform as introduced in this paper 
follows a reactive approach to solve the coordination problem. The manipulator acts as 
master, the platform as slave. A loop-back control algorithm based on geometrical 
considerations on the end point of the manipulator, or the tool center point, adapts the 
platform’s position and posture. Other possible inputs to base the calculations on could be 
force or torque measurements in the wrist. Coordinate Systems 
Let  P
G  be the global coordinate frame for the position of the robot, where the robots origin is 
assumed to be the origin of the manipulator’s kinematical chain. The position of the 
manipulator’s end effector may be  p
G r
 in global coordinates and  p
L r
 in local coordinates, i.e. 
relative to the manipulator's origin. All coordinates are given in homogenous form. 
Working Space 
The global goal of the platform adaptation is to keep the manipulator’s end point within a 
desired working space. While working inside this area the manipulator should possess most 
movement flexibility, optimal forces and torques etc. The workspace can be defined in local 
coordinates as a geometrical volume, e.g. a sphere or a cuboid. The distance vector  d
L r
of the 
end effector’s position from this working space (see figure 2) serves as main input for the 
adaptation algorithm. As long as the manipulator operates within the working space the 
platform remains motionless, thus allowing the manipulator to work with its maximum 
precision, as mobile platforms normally tend to be more clumsy and slower than manipulator 
arms. Additionally a shell can be defined surrounding the working space to keep the 
adaptation within certain limits. Maximum adaptation is reached as soon as the end effector is 
situated outside the shell. 
Activation 
To further tune the adaptation to the given task, activations are introduced (see (1) for the 
influencing ideas from previous work on behavior-based algorithms). For example the motion 
when lifting a heavy object should preferably be produced by the legs instead of the back 
joint of the upper body to reduce joint stains. The degrees of freedom influenced by the 
combined motion control are divided into logical groups, e.g. the group of legs and the upper 
body group, and each group is equipped with an activation parameter  i ι  ranging from Zero to 
One. An  i ι  of One will provide maximum adaptation, one of Zero will result in no adaptation 
at all. 
The activations can be set manually, using task specific presets or rule bases, or using a 
general automatic adjustment of the activations. The last is based on a heuristic as it can be 
found in biological research (see (14)), given there is a locomotion system and an upper body 
on which one or more manipulators are mounted: the upper body is used for mid-range 
reaching, for additional precision and to compensate for platform orientation, where the 
locomotion system is only used when the target area is otherwise unreachable. This 
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Figure 2: The distance vector serves as main input for the adaptation algorithm. corresponds to the biological hypothesis that additional body segments are recruited to aid in 
the successful completion of a prehension task with rising difficulty or complexity. Hand, 
torso and gait each independently contribute as necessary while the hand remains on a smooth 
trajectory, which might be evidence for the human using a manipulator centered control. 
Adaptation Algorithm 
The adaptation algorithm has a loop-back control structure. It is divided into two part, one 
keeping the manipulator’s end effector on the same global position despite platform 
movement, the other adapting the position and posture of platform based on the local position 
of the manipulator. This structure has several advantages, as the possibility to move the 
platform by whatever means without changing the manipulator’s global position and thus not 
having to take care about the manipulator when adjusting the platform. 
The first part is accomplished by basic frame transformation. The manipulator’s position  p
L r
 
is stored in local coordinates. The platform position frame  P
G  serves as transformation 
matrix from global to local coordinates, so  p
L r
 can be updated in the control loop t as 
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The second part of the adaptation algorithm manages the actual adjustment of the platform 
according to the local position of the manipulator. In each control loop it generates movement 
offsets for each available degree of freedom.  
Taking the workspace and its shell into account the action factor  a f  is calculated, being Zero 
with the manipulator situated within the workspace and One if outside the shell. It represents 
the degree of action that should be taken in adapting the platform. For a spherical workspace 
with inner radius  i r  and outer shell radius  o r ,  a f  defines as 
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The superscript 
L is omitted as all coordinated are now in local form. The distance vector d
r
 
is then normalized and scaled to get to action vector a
r
, which is the base for all further 
calculations: 
  .
d
d
f a a r
r
r
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This action vector could also be gained from a force or torque measurement or any other 
directional sensor input. Its length  [] 1 ; 0 ∈ a
r
 represents the amount of effort that should be put to the adaptation, its direction points the way the manipulator should be moved to get back 
inside the working space. 
Each of the influenced degrees of freedom i has a normalized direction of effect  i e
r
 
depending on the state of the machine associated to it. It points in the direction the 
manipulator’s end point would move when this degree of freedom is used. Possible examples 
for degrees of freedom could be the platforms speed, stretching of the legs to be able to reach 
a higher target or turning of the upper body. Let  i ι  be the activation belonging to this degree 
of freedom and 
max
i o  the maximal offset for one control cycle, then the offset  i o  is defined as 
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A more complicated algorithm can be used when necessary. The calculated offsets are then 
added to the position of the joints with each control loop. This way the position and posture of 
the locomotion system is adjusted in a way that the manipulator moves within its working 
space. All degrees of freedom are used simultaneously and autonomously depending on their 
effectiveness regarding the current state, and a natural looking movement in achieved. 
The above equation 5 will not work in case of a nonholonomic platform as it always tries to 
move directly towards the target. Thus a condition function deciding on if the target is 
reachable or not is introduced, using hysteresis to prevent oscillation. If the target is not 
reachable, the directions of the degrees of freedom regarding the platform movement are 
reversed, so a back-up movement of the platform is achieved until the target is reachable 
again. It should be mentioned that the focus of this work is on closer range manipulation and 
not primarily dealing with path planning for nonholonomic platforms, where more 
sophisticated approaches to this problem exist, e.g. (11). 
THE WORKPARTNER ROBOT 
As test platform for the combined motion control the WorkPartner robot is used. WorkPartner 
is the prototype of a lightweight mobile service robot designed to work interactively with 
humans in outdoor environment. Mobility is based on a hybrid system, which combines 
benefits of both legged and wheeled locomotion to provide at the same time good terrain 
negotiating capability and large velocity range. The working tool is a two hand human like 
manipulator which can be used for manipulation or handling of tools. The robot is called 
WorkPartner because the goal is to make an adaptive and learning robot, which can carry 
different tools and work interactively with a human. The user or operator can be physically 
present on the same site as the robot and communicate with it by using speech and gestures, 
or he can use telepresence from a distance place and communicate via Internet. In each case 
communication takes place via a new type of user interface based on multimedia and 
cognition. The WorkPartner project, its mechatronic design and hybrid locomotion have been 
reported in five previous CLAWAR conferences (8), (9), (10), (12) and (18). 
The combined motion control has to manage the many degrees of freedom of the WorkPartner 
robot. The used adaptation facilities are bending and turning of the upper body, driving speed, 
driving direction and height control by bending and stretching the legs. These degrees of 
freedom are divided into the platform group and the upper body group so their activations can 
fine-tune the motion control to the given task.  EXPERIMENTS 
Several experiments were carried out to test the functionality of the motion control. A first 
test looks at the precision of the movements in keeping the same global position of the 
manipulator while moving the platform (see figure 3). It shows that the position can be kept 
within 2-3cm when moving the platform for reasonable distances. This should be precise 
enough considering that the local position will be corrected in most cases by a feedback 
control using the camera system or the laser range finders.  
Another experiment examines just this scenario. The manipulator has to reach towards a ball 
on a stick tracked by the vision system (see figure 4). The system proves fast and flexible 
enough. The platform drives back when the ball is to close and moves in the direction of the 
ball when it is too far away. While the ball is within the reaching area mainly the upper body 
is used to turn towards the object. The manipulator arm tries to grab the ball as soon as it 
comes within its kinematic workspace. 
The third experiment mentioned here regards the flexibility of the motion control as well as 
the ability to tune the coordination to the given work task. A crate or box has to be picked up 
by the robot, given its local or global position is known either through sensor information or 
by knowledge gained from map information or user input. In case the crate is of heavy weight 
the lifting should be done using the legs and not the upper body to reduce strains on 
inclination joint of the upper body. It should be mentioned that recent biomechanical research 
(7) seems to propose that there is actually no real benefit of squat lifting technique using the 
legs while keeping the upper body straight over the stoop technique where the upper body is 
bend. 
The lifting technique of the robot can be influenced by the activations for the upper body and 
the platform, either manually or dependent on the crates weight measured by force sensors or 
joint currents. For heavy objects a higher platform activation and a lower body activation is 
used, for light weight and more flexible lifting the activations are chosen the other way 
around. Figure 5 shows the lifting process for both cases. 
     
Figure 3: Measuring the precision of keeping the global position while moving the 
platform by tracking the projection of the end effector’s position to the ground. CONCLUSION AND OUTLOOK 
The problem of coordinating the platform and the manipulator movement of a mobile 
manipulator has been approached by a reactive loop-back adaptation algorithm. This 
combined motion control could handle many degrees of freedom and produce natural looking 
movement while being precise enough for most tasks. Activation parameters for logical 
groups of joints have proven to be a simple but effective method to tune the adaptation to a 
given work task. The proposed architecture has successfully been implemented for the 
WorkPartner robot and the functionality could be shown by several basic sample applications. 
Further work will examine the feasibility of the presented approach for more sophisticated 
working tasks. Future development of the WorkPartner project will aim towards adaptive 
motion control, learning in task execution and interactive communication on the cognitive 
level. 
 
Figure 4: Grabbing a ball tracked by the camera vision system. 
   
Figure 5: Lifting a box using the stoop technique for flexible light weight lifting (left) 
or the squat technique for heavy weight lifting (right). REFERENCES 
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